Abstract. In order to study the relation between the core and corona in galactic star clusters, the spatial structure of 38 rich open star clusters has been studied using radial density profiles derived from the photometric data of the Digital Sky Survey. The shape of the radial density profile indicates that the corona, most probably, is the outer region around the cluster. It can exist from the very beginning of the cluster formation and dynamical evolution is not the reason for its occurrence. The study does not find any relation between cluster size and age but indicates that the clusters with galacto-centric distances >9.5 kpc have larger sizes. Further, we find that the average value of the core radius is 1.3 ± 0.7 pc and that of annular width of the corona is 5.6 ± 1.9 pc, while average values of densities of cluster members in the core and corona are 15.4 ± 9.9 star/pc 2 and 1.6 ± 0.99 star/pc 2 respectively. Average field star contaminations in the core and corona are ∼35% and 80% respectively. In spite of smaller densities in the coronal region, it contains ∼75% of the cluster members due to its larger area in comparison to the core region. This clearly demonstrates the importance of the coronal region in studies dealing with the entire stellar contents of open star clusters as well as their dynamical evolution. In contrast to the cluster cores, the structure of coronal regions differs significantly from one cluster to other.
Introduction
The stars of a stellar cluster are presumably the offspring of the same interstellar dust and clouds that are born together. Hence, they are dynamically associated and gravitationally bound and are located approximately at the same distance. A spatial structure represents how sibling stars are distributed within a family of stars (cluster) according to their mass or brightness. The study of the spatial structure of a star cluster therefore provides an opportunity to determine the mechanisms and conditions of cluster formation at different stages of a galactic evolution. At the beginning of the 20th century, Shapley (1916) , pointed out that the dimensions of star clusters considerably exceed the sizes that are obtained directly by simple eye estimates. However, no detailed studies of outer regions of clusters were carried out until the 1960s. Artyukhina & Kholopov (1959 , 1963 , 1966 , Artyukhina (1966) and Kholopov (1969) suggested that all clusters, from very sparse ones like Coma Bernices to the richest of all the Galactic globular clusters have unity not only in origin and development (Elmegreen & Efremov 1997) but also show unity in the structure and have come to believe that these extended regions represent very important structural properties of the star clusters. Now, it is well established that every cluster consists of two main regions: (i) nucleus (or core) which is the densest central part of the system, the region that is perceived directly by the eye as a star cluster and (ii) halo (or corona ) which is an outer and extended region with lower density around a cluster, that contains a substantial number of cluster members.
Until recently most studies have been made of the nuclei which have been taken to represent the clusters as a whole. Extensive studies of the coronal regions have not been carried out mainly because of the non-availability of photometry in a large field around the star clusters. The study of stars in the coronal region is important for the following main reasons. Wilner & Lada (1991) observed the presence of dip in luminosity function at magnitudes 1.5 < M v < 3.5 and they give two possible explanations for the observed deficit of low luminosity stars in NGC 2362: (i) a significant populations of low luminosity cluster stars are present in the outer part of the cluster or (ii) the cluster IMF is different from Salpeter (1955) field star IMF in the vicinity of Sun.
Slope of initial mass function (IMF) towards low mass

Dynamical study of open clusters
Until some years ago, unlike the coronal region of globular clusters, the coronal regions of open clusters did not attract sufficient attention although from a dynamical point of view they represent an exciting and challenging field of study. On the observational side, the challenge is to isolate the cluster members from the general field stars, as open star clusters (OCls) are usually projected against rich stellar fields of the Galactic disk. On the theoretical side, open clusters are considered dynamically active systems. Unlike globular clusters and galaxies, where two body relaxation times are very much longer than the crossing times and the system can be considered to be in quasi-static equilibrium, the crossing and relaxation times of open clusters are more commensurate with each other. Thus the evolution of clusters, velocity-distribution due to stellar encounters cannot be treated independently of the orbital mixing of the distribution. It is thus essential to study the dynamics of small number (N ) stellar systems like the open clusters as compared to large N systems because any differences in their velocity distributions that occur due to the close stellar encounters with clouds in the interstellar medium or passing molecular clouds or the effect of galactic tidal field will appear primarily in the high energy tails of the distributions.
Cluster membership for peculiar stars
Turner (1982) recommend that it is necessary to fully delineate the boundaries of the cluster nucleus and corona to strengthen the case for the cluster membership of Cepheid variables e.g. of V Cent. in NGC 5662. The above discussions clearly indicate that a systematic study of the spatial stellar distribution in OCls would be desirable and the same has been presented here. The criteria used to select the clusters for the present study are described in the next section.
Selection criteria
If existence of the corona observed in the open clusters is a reality then it is important to know whether the corona is due to the dynamical evolution or is an imprint of the star formation process itself. This question may be better understood by studying and comparing the OCls of all ages, very young to extremely old. Another significant aspect to be addressed is to determine if the existence of a corona in an open cluster is position-dependent in the Galaxy. In order to answer these questions, one would like to consider the OCls situated not only in different locations of the Galaxy but also having a statistically significant number of stars for the study of coronal regions. We have therefore selected only rich clusters from the open clusters' catalogue (Lyngå 1987 ) covering a range in age and galactic position, except the binary and multiple clusters. We exclude them because their proximity tends to influence each others dynamics which makes the determination of their individual radial density profiles (RDPs) ρ(R) unreliable. If there is more than one cluster in the 1
• ×1
• area around the cluster in consideration, they are treated as binary/multiple clusters and hence, not considered for the study. Some of the clusters excluded in this way are indeed found to be binary cluster e.g. NGC 869, NGC 884 and NGC 1912 (Subramaniam et al. 1995) . We have also excluded some clusters whose ρ(R) can not be used in the present study due to the limitations discussed below.
Limitations of RDPs
To obtain the radius using RDPs is an arduous task. It has limitations such as:
1. dependency of ρ(R) on the limiting magnitude of the members. The more fainter stars considered, the larger the cluster radius, because such stars occupy larger distances from the cluster center due to two body relaxation. We have derived ρ(R) using the stars up to an absolute magnitude of M B = +4; 2. in some cases, the angular size is difficult to determine accurately due to the weak contrast between cluster and field stars in the outer region; 3. sometimes the irregular shape of the cluster also makes it difficult to accurately determine its boundaries; 4. the number of members diminishes with increasing distance from the cluster center and it becomes difficult to detect them in the statistical fluctuations of the field stars; 5. in the case of very sparse and poor clusters or in the clusters that contain stars in clumps, it becomes difficult to locate the center.
Despite all these limitations, the method of RDP can still be used to study the structure of rich galactic clusters. On the basis of the above considerations, we found only 38 OCls in Lyngå's (1987) catalogue as potential candidates for the present study and general information about them is given in Table 1 . The clusters are distributed in the Galactic longitude along the Galactic plane representing different locations in the Galaxy. They cover a range in ages from ∼10 Myr to 8 Gyr; in visual angular diameter from about 3 to 35 and in distance from 0.9 kpc to 2.6 kpc. The method of RDP determination and its use to determine the core and coronal regions, is described in the next section while the statistical properties and other results are discussed in the remaining part of the paper.
Determination of radial density profile
To cope with problems like interpreting the clusters' distinctive spatial distribution, homogeneous data on the parameters of OCls are essential. Accordingly, it is vital to adopt a definite instrumental system as well as a common approach for studying the size and structure of all OCls. Our aim is therefore also to include the outer region of the sample clusters. For this, the photoelectric, photographic and most of the CCD photometric data published so far are not sufficient as most of them are limited to the core regions only. We therefore used the photometric results published in the U.S. Naval Observatory (USNO)-A V2.0 catalogue (Monet et al. 1998) . The data are derived from the images which are Digitized Schmidt Survey (DSS) plates covering the entire sky. Northern hemisphere images are constructed from Palomar Sky Survey while those for Southern are from UK Science and Engineering Research Council sky survey. Although the photometric quality of the USNO catalogue data is inferior (see Appendix) to photoelectric and CCD, it is good enough to obtain cluster structural parameters. The clusters showing indication of well defined corona are planned for further extensive study using a large format CCD camera. In fact, Pandey et al. (2001) and Nilakshi & Sagar (2002) have already carried out such a study for our sample clusters NGC 7654 and NGC 2099 respectively.
Spatial coverage of the photometric data
In order to sketch the RDP well beyond the outer region of the sample clusters whose angular diameter is less than 20 in Lyngå's (1987) catalogue, we extract a circular area of 1 • diameter centered on the cluster from the USNO CDROMs. However, for the clusters having diameter >20 , the extracted area is of 2
• diameter. Thus, we determine the RDP far beyond the cluster size and certainly include the field region.
Center of cluster
To outline the RDPs, the first necessary step is to identify the cluster center. We derive it (cf. Sagar & Griffiths 1998) iteratively by calculating average X and Y position of stars within 2 or 3 around an eye-estimated center until it converged to a constant value. An error of few tens of arcsec is expected in locating the cluster center.
Stellar surface density
For determining the RDP of stars around a cluster region, the extracted area has been divided into a number of concentric circles with respect to the above estimated cluster-center in such a way that each zone contains a statistically significant number of stars (generally more than 20). An annular width of ∼1 has been used for all the clusters under study. The stellar surface density, ρ i , in the ith zone is defined as:
where N i is the number of stars up to absolute magnitude M B = +4 in the the area A i of the ith annulus whose outer and inner radii are R i and R i−1 respectively. The RDPs derived in this way are shown in Fig. 1 for all the clusters under study. The error bars are calculated assuming that the number of stars in a zone is governed by Poisson statistics. Following Kaluzny (1992) , we describe the ρ(R) of an open star cluster as:
where the cluster core radius R 0 is the radial distance at which the value of ρ(R) becomes half of the central density f 0 . We fit this function to the observed data points of each cluster and use χ 2 minimization technique to determine R 0 and other constants. As can be seen in Fig. 1 , the fitting of the function is satisfactory except for the clusters NGC 1817, NGC 6451 and NGC 6940. The radial distance (R cn ) at which the ρ(R) becomes constant is defined as the extent of the cluster. These angular dimensions have been converted to linear ones using values of the cluster distances given in Table 1 . The linear sizes derived in this way are listed in Table 2 along with other parameters obtained from RDPs. The error in R 0 is derived from the χ 2 fitting. We expect ∼10% error in the estimation of R cn .
The structural properties of the clusters
The mean stellar densities ρ 0 = given in Table 2 are for the core and coronal regions respectively where N 0 and N cn are the number of stars in the corresponding regions. Assuming ρ f as the field star density, the densities of cluster members in the core and coronal regions are (ρ 0 − ρ f ) and (ρ cn − ρ f ) respectively.
We estimate ρ f at the cluster distance from its surrounding regions and use it to evaluate the field star contaminations in the both core and coronal regions along with the fraction of cluster members in the corona. The values thus derived are given in Table 2 . The field star density is minimum towards NGC 2420 with a value of 1.1 star/pc 2 while maximum value of 26.1 star/pc 2 is observed towards NGC 6451.
Structure of stellar surface density distribution
In order to see whether the ρ(R) within a cluster radius follows ρ ∝ e −BR or ρ ∝ R −γ , we fit the linear relations ln(ρ) = const. − BR and log(ρ) = const. − γ log(R) between ρ and R, up to both the core and cluster radii. The slopes B and γ estimated using least-squares solution are listed in Table 3 along with their standard deviations σ B and σ γ and correlation coefficients c 1 and c 2 of the linear relations. As the values of c 1 and c 2 are generally of the same order, the RDP within a cluster radius can be represented by either ρ ∝ e −BR or ρ ∝ R −γ . However, in some clusters one relation seems to fit data points better than other one. The values of B and γ can be used to study differences between the structure of the core and corona of the clusters under study. In the core region, the values of B change from 0.001 to 0.01 with a median of 0.003. By including the coronal region, the value of B decreases, as expected (see Fig. 1 ) by an average of 0.003. On the other hand, in the core the values of γ range from 0.12 to 0.72 with a median of 0.34. In contrast to B, the value of γ thus shows relatively larger variation and increases by including the coronal region. This is due only to the role of the constants in the relations under discussion. However, variation in both B and γ values by including the coronal region is not the same for all clusters, indicating that the shape of the coronal regions is different for different clusters, as can also be seen in Fig. 1 . Differences in the structure of the corona have also been observed by Durgapal & Pandey (2001) in a sample of 4 clusters. They may be due to various reasons e.g., (i) the dynamical relaxation which causes mass segregation in the cluster (Nilakshi & Sagar 2002 and references therein), (ii) the external environment, as we know that the corona of the clusters are moulded by the Galactic tidal fields (Mathieu 1985) .
Properties of clusters core and coronal regions
In order to obtain a general view of the real constitution of the galactic clusters, the frequency distributions and the correlation between some of the cluster parameters contained in Table 2 are studied in this section. As the number of sample clusters is only 38, some of the conclusions drawn below may not be definitive but indicative, which may be worthwhile to study in detail when a larger sample becomes available. ) 2 to the observed points using χ 2 minimization technique. Figure 2 illustrates the histograms of sizes, cluster member densities and field star contamination in the core and coronal regions along with fraction of cluster members in corona of clusters under study. The core size ranges from ∼0.5 to 2.9 pc. Its histogram in Fig. 2a has a well defined peak around 0.75 pc with an average of 1.3 ± 0.67 pc and a median of 1.2 pc. In contrast, the histogram of width of the coronal region show a relatively flat distribution with values ranging from 2.5 to 9.3 pc. Its mean and median values are 5.6 ± 1.9 and 5.54 pc respectively. The coronal width is thus more than 4 times the core size.
Frequency distribution of cluster parameters
In Fig. 2b , histograms of the mean cluster member densities in the core (ρ 0 −ρ f ) and corona (ρ cn −ρ f ) regions are displayed. They have a mean and a median of 15.4 ± 9.9 and 13.2 star/pc 2 respectively with large range from 0.6 to 53 star/pc 2 in the core but relatively small range from 0.3 to 4.5 star/pc 2 with a mean and a median of 1.6 ± 0.99 and 1.3 star/pc 2 respectively in the corona. The density of cluster members in the corona has a sharp peak around 1 star/pc 2 while that in the core has extended distribution which peaks around 11 star/pc 2 . All these indicate that the density of cluster members in the core is about 10 times larger than that of the corona. Figure 2c shows the histograms of field star contamination in both the core and coronal regions. The core region of NGC 1817 is least contaminated with a value of 6% while that of NGC 5617 has the maximum contamination of 60%. The histogram for the core region peaks around 25% with a median value of 28%. As expected, the field star contamination in the corona is more in comparison to the core. Its histogram has a peak around 80% with a median of 75%. Table 2 . Structural parameters of the clusters under study derived with the help of RDP. Column 1 denotes the cluster name; Col. 2 is the galacto-centric distance (RG) in kpc (in converting distance from geo-centric to galacto-centric, RG value for the Sun is taken as 8.5 kpc); Col. 3 is z, the height above or below the plane of our Galaxy; Cols. 4-6 denote radius (R0), mean stellar density (ρ0) and percentage of field star contamination (F0) respectively for the core region while Cols. 7-9 represent the corresponding values for the coronal region. Annular width of the corona (Rcn − R0) has an accuracy of ∼10%. Column 10 denotes mean field star density (ρ f ) determined with an error of about ±0.1 star/pc 2 . Densities of cluster members in the core and coronal regions are thus (ρ0 − ρ f ) and (ρcn − ρ f ) respectively. Last column presents the percentage of cluster members (Mcn) The histogram of cluster members population in corona is shown in Fig. 2d . It peaks around 80%. This clearly indicates the importance of the corona in studies dealing with entire stellar contents of the cluster e.g., study of mass function. On the other hand, for the determination of cluster parameters like distance and age, stars of the cluster core are best suited as they have less field star contamination. The cluster sequences in photometric diagrams can therefore be better identified in stars of the core region. Figure 3 shows correlation of the core size with the corona size, the cluster members density and the percentage of field star contamination (F 0 ) in the core. It indicates that both the corona size and F 0 value generally increase while the core density decreases with increasing size of the core. At a given core size, the corona size varies by about 3 to 5 pc; the core density varies from few to few tens of star/pc 2 while the F 0 value changes from few tens to 50%. The scatter in Figs. 3a and c is almost independent of the core size. However, the scatter in the density generally decreases as the core size increases, being largest for a core size of around 0.6 pc. A larger sample is needed to ascertain the behaviour.
Correlations between parameters
In order to study correlation of the corona size (R cn − R 0 ) with its cluster member density (ρ cn − ρ f ), field star contamination (F cn ) and fraction of cluster members (M cn ), we plot them in Fig. 4 . The mean value of members' density in the coronal region is 1.6 ± 0.99 star/pc 2 . It slowly decreases with inceasing corona size and the value becomes 0.9 ± 0.4 star/pc 2 for a corona size larger than 8 pc (see Fig. 4c ). Both the F cn and M cn values are generally more than 60% with no statistically significant dependence on the corona size (see Figs. 4a and b) .
Effect of galactic location on cluster parameters
The open star clusters form from molecular clouds having mass in the range of several thousands to hundreds of thousands of M . As the Galactic tidal forces are different at different locations, it may be worthwhile to see how they affect the sizes and member densities in open star clusters. For this, we study the variation of cluster parameters with the Galacto-centric distance (R G ) and height (z) above the Galactic plane in the following sub-sections. 
Dependence of cluster parameters on the R G
We plot the core and corona sizes, the central concentration and the member densities ratio of the core to corona against the R G in Figs. 5a-d respectively. Though the errors are large, it illustrates that the mean core size is independent of R G . Similarly, both the ratio of corona to core sizes and the (
) values seem to have no statistically significant dependence on R G . On the other hand, the mean corona size of ∼5 pc for R G < 9.5 kpc increases systematically with R G thereafter and becomes ∼7.1 pc at R G = 10.5 kpc. A careful inspection of the data reveals that the observed correlations show no dependence on cluster ages. Figure 6 outlines the plot of sizes and cluster member densities of both the core and corona of the cluster against its height (z) above the Galactic plane. None of the parameters seem to depend on the value of z. As expected, most of the clusters with −200 pc < z < 200 pc are younger than 100 Myr while those with z < −200 pc and z > 200 pc are older than that. We therefore conclude that irrespective of the core and corona sizes, the clusters older than 100 Myr are generally located away from while the younger ones are confined to the Galactic plane. 
Dependence of cluster parameters on the z
Effect of dynamical evolution on cluster parameters
Stellar encounters in a cluster can change the spatial position of members with time due to equi-partition of energies amongst the cluster members. In order to see its effect on parameters of open star clusters, we the plot core and corona sizes, central concentration and density ratio of core to corona against log (age) in Figs. 7a-d respectively. We observe no statistically significant trend at all in the sizes of core and corona as well as in the ratio of their cluster member densities with age. However, central concentration appears to be somewhat smaller for clusters older than 1000 Myr.
Discussions and conclusions
The present study of the spatial structures of 38 rich galactic open star clusters leads to the following useful conclusions:
1. On average, annular size of the coronal region is about 5 times the core radius. All the clusters including the very young ones have a corona. Presence of a core and corona have also been detected in NGC 6611, an extremely young (few Myr) star cluster by Belikov et al. (1999 Belikov et al. ( , 2000 using proper motion data. As the RDP of the cluster (core plus corona) region can be fitted by a function of exp(−BR) or R −γ types, we consider the coronal region as an integral outer part of a cluster existing from the time of its formation. If the appearance of a corona is only due to the dynamical evolution in the cluster, it should appear only for those clusters that are older than ∼100 Myr.
2. Field star contamination in the coronal region, on average, is 44% greater to that of the core region. To determine the cluster parameters from the observed colourmagnitude and colour-colour diagrams, stars located in the core region should be considered. However, for the studies dealing with the entire stellar content of the cluster, members present in the coronal region must be included as they form a large fraction of cluster members. This clearly demonstrates the importance of coronal regions in the studies of IMF and dynamical evolution of the clusters. 3. In contrast to the coronal regions, the structure of the cluster cores does not vary significantly from one cluster to other. 4. The mean radii of the core and cluster sizes are 1.3 ± 0.67 and 7.0 ± 2.4 pc respectively while the corresponding median values are 1.2 and 6.8 pc respectively.
The mean values of cluster diameters determined by both Lyngå (1982) and Janes & Phelps (1994) are ∼5.3 pc which lie between the values of core and cluster diameter determined by us. Present values should be considered more reliable, as they are derived from the RDP of an extended region around the cluster. 5. We find that the mean size of the clusters with R G < 9.5 kpc is smaller than that of those with R G > 9.5 kpc. We thus confirm the earlier findings of Burki & Maeder (1976) , Lyngå (1982) and Janes et al. (1988) . 6. In agreement with Lyngå (1982) and Janes et al. (1988) , we find that sizes of the clusters are independent of age. Hence we believe that the cluster size may depend on the properties of the parental molecular cloud rather than the cluster age.
Appendix
USNO-A V2.0: A catalogue of astrometric standards
USNO-A2.0 is a catalogue of 526 280 881 stars, and is based on a re-reduction of the Precision Measuring Machine (PMM) scans for astrometric and photometric data. These stars were detected by the PMM, built and operated by the U. S. Naval Observatory, Flagstaff Station during the scanning and processing of the Palomar Observatory Sky Survey I (POSS-I) O and E plates, the UK Science and Research Council SRC-J survey plates, and the European Southern Observatory ESO-R survey plates. For field centers with δ < −30 degrees, the data come from POSS-I plates, while the data for the remaining part of the sky come from SRC-J and ESO-R plates. The errors arising from the PMM are in the range of 0.15 arcsec in astrometry and 0.15 mag in photometry. To avoid the necessity of consulting many catalogues, objects brighter than 11th magnitude that appear in the Guide Star Catalogue that were not detected by the PMM were inserted.
